Heat flow in the Sierra Nevada, CA, is low despite its young geologic age. We investigate the possibility that advective heat transport by groundwater flow leads to an underestimate of heat flow in the Sierras based purely on borehole measurements. Using temperature and discharge measurements at springs in Sagehen Basin, we find that groundwater removes the equivalent of approximately 20-40 mW m )2 of geothermal heat from the basin. This is comparable with other heat flow measurements in the region and indicates that, in this basin, at least, groundwater does transport a significant amount of geothermal heat within the basin. Additionally, we use estimates of the mean residence time of water discharged at the springs along with hourly temperature records in springs to provide constraints on groundwater flow depths within the basin. An analytical model based on these constraints indicates that the heat removed by groundwater may represent 20% to >90% of the total heat flow in the basin. Without better constraints on the regional hydrogeology and the depth of circulation, we cannot determine whether the heat discharged at the springs represents a change in the mode of heat transfer, i.e. from conduction to advection at shallow depths (<100 m) or whether this is a component of heat transfer that should be added to measured conductive values. If the latter is true, and Sagehen Basin is representative of the Sierras, basal heat flow in the Sierra Nevada may be higher than previously thought.
INTRODUCTION
Groundwater circulation can have a significant influence on geothermal regimes. Advective heat transport by groundwater has long been recognized as an important factor in large sedimentary basins (see summary in Smith & Chapman 1985) where length scales and permeabilities are large enough for free convection to occur. Although free convection does not typically happen in mountains, the large hydraulic gradients associated with high-relief topography can cause a transition to advectively disturbed thermal regimes at permeabilities as low as 10 )18 m 2 (Forster & Smith 1988) . Advective disruption of the geothermal regime has been identified at depths exceeding 500 m in a range of geological settings (Ingebritsen et al. 1989; Bodri & Rybach 1998; Manga 1998) . Here, we investigate the possibility that heat advection by groundwater is responsible for an apparently low surface heat flow in the Sierra Nevada. As the regional hydrogeology and hydrogeologic properties are not constrained by modeling and borehole measurements, we rely on measurements made at springs which provide an integrated perspective on hydrogeologic processes (Manga 2001) . We use data from nine springs to estimate the geothermal heat flow in a hydrologic basin in the northern Sierra Nevada, and obtain a value of approximately 20-40 mW m )2 for the heat removed advectively by groundwater. This is similar to heat flow measured in boreholes elsewhere in the Sierra Nevada (Saltus & Lachenbruch 1991) and indicates that in this basin, at least, groundwater flow may transport a significant fraction of geothermal heat. Additionally, we use an analytical model of heat flow within an aquifer to estimate the proportion of total heat flow represented by this value. The proportion of heat advected by groundwater is sensitive to the flow depth, and it is possible that the total heat flow in the Sierra Nevada is much larger than previously thought.
Heat flow in the Sierra Nevada
Heat flow measurements in the Sierra Nevada are among the lowest seen on continents, similar to Precambrian continental shield, e.g. approximately 40 mW m )2 in the Canadian Shield, and approximately 50 mW m )2 in the Kaapvaal craton (Jaupart & Mareschal 1999) . As the heat flow of a geologic province is often related to its tectonic activity (Carlson et al. 2005) , this low heat flow is seemingly at odds with evidence of Mesozoic to Cenozoic tectonic activity in the Sierras. Saltus & Lachenbruch (1991) presented a compilation of heat flow measurements in the Sierra Nevada (including work of Lachenbruch 1968; Roy et al. 1968; Lachenbruch et al. 1976) . Most of the measurements are from depth intervals between about 100 and 250 m. Inferred heat flow values show a linear relationship with heat production. Excluding sites near the magmatically active Long Valley, heat flow in the Sierra Nevada varies from approximately 20-80 mW m )2 , with the highest heat flows found closest to the Basin and Range province (Saltus & Lachenbruch 1991) . The data in the Sierra Nevada, combined with estimates of heat production within the batholith, are consistent with a mantle heat flow of less than 20 mW m )2 (Brady et al. 2006) . Changes in the thermal regime beneath the Sierran batholith would take tens of millions of years to be conductively transmitted to the surface; so, the low heat flow in the Sierra Nevada is commonly thought to be a transient state resulting from low-angle subduction of the Farallon slab (Roy et al. 1972; Dumitru 1990; Saltus & Lachenbruch 1991; English et al. 2003; Erkan & Blackwell 2006) . English et al. (2003) calculated steady-state temperature profiles for possible models of flat-slab subduction, and found geothermal gradients ranging from 3 to 20°C km )1 (equivalent to 8-50 mW m )2 ) at the approximate location of the Sierra Nevada approximately 200 km inland from the trench. These values are consistent with modern heat flow observations.
STUDY AREA
Sagehen Basin is a 27-km 2 basin that lies on the east side of the Sierra Nevada crest, in Nevada County, California (see Fig. 1 ). Elevation within the basin ranges from 2660 m along Carpenter Ridge to the south-west to 1926 m at the Sagehen Creek gauging station. The mean annual temperature measured at the University of California, Berkeley research station (elevation 1932 m) is 5.2°C; the mean annual precipitation is 85 cm, which falls mainly as snow during the months of October to April (Western Regional Climate Center station 047641, http:// www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?ca7641). Figure 2 shows the location of the weather stations and the springs studied.
Alluvium, colluvium and glacial drift cover most of the basin, overlying Miocene and Pliocene andesite flows and pyroclastic deposits (Saucedo & Wagner 1992; Sylvester 2007) . These volcanic rocks outcrop only at higher elevations and in some areas north of Sagehen Creek. The andesite flows have thicknesses of approximately 10-100 m and the pyroclastic deposits are a few hundreds of meters thick (Sylvester 2007) . Granodiorite underlies the volcanic rocks and is also present in the glacial till.
Groundwater chemistry in the Sagehen Basin is primarily controlled by mineral weathering of andesitic and granodioritic bedrock and soils (Rademacher et al. 2001) , and there is little seasonal variation in spring chemistry (Erman & Erman 1992) . Spring water chlorofluorocarbon (CFC) ages vary from approximately 10 to 45 years (Rademacher et al. 2001 ) and the mean CFC residence time of water in Sagehen Creek during periods of base flow is 28 years (Rademacher et al. 2005) . Apparent spring water ages remained constant over a 6-year sampling period (Rademacher et al. 2005; Blumhagen & Clark 2008) and the springs retained their relative ordering with respect to chemical concentrations over the course of an 8-year drought cycle (Erman & Erman 1992) , indicating that a stable groundwater flow system feeds the springs. In this study we adopt the spring numbering system established by Erman & Erman (1992) (see Fig. 2 ).
DETERMINING HEAT DISCHARGE IN SPRINGS
To find the geothermal heat discharged by a spring, we must know the amount of water discharged, its temperature at the discharge point and its temperature when it initially entered the aquifer. We can measure discharge and temperature directly but must use other methods to determine the recharge temperature. Here, we assume that the stable isotope composition of spring water reflects the elevation from whence it came, allowing us to use a correlation between elevation and temperature to determine the initial recharge water temperature. Additionally, we account for heating via the viscous dissipation of gravitational potential energy as water flows from its recharge elevation to the spring (Manga & Kirchner 2003) .
Spring temperatures
In the winter of 2004, we installed temperature probes (HOBO Water Temperature Probe from Onset) in eight springs to record the water temperature hourly. Probes were placed as near to the point of discharge as possible, tied to weights and fixed points outside the spring pools to keep them in place over the season. In the summer of 2005, we returned, recovered two probes (the others had been washed away by spring floods) and replaced the lost probes. We recovered seven probes in the summer of 2006 (all probes except that placed at Spring 5). Temperature records for selected springs are shown in Fig. 3 .
Although spring temperatures responded to episodes of snow fall and snow melt, the springs also exhibit a steady base temperature that is insensitive to climatic fluctuations, and is in good agreement with previous measurements (Erman & Erman 1992; Rademacher et al. 2001) . As observed spring temperatures are consistent over time, we also used temperature data from Erman & Erman (1992) and Rademacher et al. (2001) .
Recharge elevation
The variation in oxygen isotope composition of precipitation is dominated by Rayleigh fractionation during evaporation and condensation, as heavier isotopes preferentially partition into the liquid phase. In nearly every region of the world, d
18 O and dD decrease with elevation (Poage & Chamberlain 2001) . Smith et al. (1979) found a lapse rate for deuterium in precipitation of 17.8 ± 0.2 & per km in stations immediately east of the Sierra crest; these data are presented in Fig. 4 . We collected samples of spring water for stable isotope analysis during the summer of 2005. Water was sampled from as near to the point of discharge as possible. Measured dD and d
18
O values of springs in Sagehen Basin are shown in Fig. 5 . Spring water in the Sagehen Basin falls on or near the meteoric water line. Furthermore, spring temperatures are low, and water in these springs has a short residence time of 10-40 years (Rademacher et al. 2001 (Rademacher et al. , 2005 . We therefore expect that water-rock interactions have had little effect on the isotopic composition of the spring water, and stable isotopes in spring water should be comparable to precipitation. Using the global meteoric water line (dD ¼ 8d 18 O + 10;
Craig 1961), the lapse rate of dD measured by Smith et al. (1979) is equivalent to an oxygen lapse rate of 2.2 ± 0.03 & per km. As the lapse rate determined by Smith et al. (1979) was found further south in the Sierra Nevada than Sagehen Basin, we do not directly apply this lapse rate to infer a recharge elevation for the spring water. Instead, we calibrate the relationship against Spring 8. Spring 8 has the highest elevation (2394 m) of the springs in the study, and its water is the youngest (approximately 10 years, Rademacher et al. 2001) ; we therefore assume that its recharge elevation is similar to, but slightly higher than, 2394 m. Using the d
O and elevation of Spring 8 and a lapse rate of 2.2& per km, we construct a lower bound relation for the stable isotope composition of precipitation in the Sagehen Basin.
Data from this study and Rademacher et al. (2002) , however, show that differences between spring stable isotope compositions over time are larger than the analytical error. Therefore, we used the standard deviation of all available d
O data for each spring as an estimate of error. Using a lapse rate of 2.2 & per km to propagate this uncertainty, the error in recharge elevation associated with the laboratory analytical error of isotope values is about 10 m. The error in recharge elevation associated with observed year-to-year changes in spring d
18 O is many tens of meters for most springs but up to a few hundred meters for some springs. The greatest source of error for most springs is the uncertainty in the deuterium lapse rate. Estimated recharge elevations for each spring are shown in 
Recharge temperature
The range of mean annual air temperature at nine weather stations east of the Sierra crest is shown in Fig. 6 -see Fig. 1 for station locations. The wide spacing of the stations means that basin-scale complications such as local temperature inversions cannot be captured. Although there is significant variation in local microclimates, the observed variation in the mean annual temperature with elevation is about 3.4°C km )1 . A jackknife test on alternate station subgroups yields a mean slope of 4.1 ± 1.1°C km
. This is consistent with other observational surface lapse rates (e.g. Takahashi & Battisti 2007) . We used this slope and the temperature at Spring 8 to determine a relationship between elevation and mean annual temperature in Sagehen Basin. We note that temperature lapse rates vary seasonally. To estimate the recharge temperature, we use the mean annual temperature lapse rate because infiltrating
Sep 05
Dec 05 water sees a surface temperature that is close to the mean annual surface temperature. The seasonal variations in lapse rate will also contribute to seasonal isotope fractionation in precipitation, an effect already accounted for the interpretation of O and H isotopes. In areas with winter snow cover, mean annual ground surface temperatures can be higher than mean annual air temperatures by as much as a few degrees (Signorelli & Kohl 2004) . This is caused by the insulating effect of snow and the buffering effect of soil moisture near the freezing point. In the Swiss Alps, the magnitude of this effect depends on elevation (Signorelli & Kohl 2004) . We examined soil and air temperature data from 26 SNOTEL stations in the Sierra Nevada (http://www.wcc.nrcs.usda.gov/snow/) and found that mean annual soil temperatures at 5-cm depth were on average 0.4°C warmer than the corresponding mean annual air temperatures, with no observed relationship between the magnitude of the difference and elevation. Calibrating our elevation/temperature relationship with data from Spring 8 accounts for this constant temperature shift. However, there was significant variability in the observed temperature differences (r ¼ 1.1°C); so, we incorporated this into the errors given in Table 2 .
RESULTS AND DISCUSSION

Heat flow in Sagehen springs
Temperature, discharge and oxygen isotope measurements for springs in Sagehen Basin are listed in Table 1 . For springs where continuous temperature records are available, the reported error is the standard deviation of monthly average temperatures; otherwise, it is the standard deviation of all available spot measurements. The reported error in oxygen isotopes is the standard deviation of all available spot measurements. Temporal variations in d
18 O are significantly larger than analytical error. The total geothermal heat flow carried by spring water is given by:
where q is the density and c the specific heat of water, q is the spring discharge, DT is the total temperature difference between recharge temperature and discharge temperature, and DT GPE is the temperature increase expected if all the gravitational potential energy lost in moving from the infiltration elevation to the discharge elevation is converted to heat (Manga & Kirchner 2003) . DT GPE is 2.2°C km
decrease in elevation. The energy balance represented by Equation (1) is the change in energy as water travels through both the unsaturated and saturated zones. Using the data summarized in Table 2 , the total estimated geothermal heat flow discharged by the studied springs in Sagehen Basin is 110 ± 22 kW. The uncertainty of the heat discharged at individual springs is quite large, comparable with the value for most springs. The comparatively small uncertainty in the total is due to the total being dominated by discharge from a small number of springs (Springs 7, 11 and 13).
The total groundwater discharge from the Sagehen Basin can be estimated from the base flow of Sagehen Creek during late summer and early fall (0.04-0.11 m 3 sec )1 ; USGS gage 10343500, http://waterdata.
usgs.gov/nwis/). The total discharge from springs in this study is approximately 10-20% of this value. The discharge-weighted mean age of spring water in this study is 27 years, approximately the same as the average age of water in Sagehen Creek during periods of base flow (Rademacher et al. 2005) . Assuming that the springs studied are representative of the amount of geothermal heat carried by groundwater discharged in the basin as a whole, we estimate that the total heat flow carried by groundwater in the Sagehen Basin is 490-1100 kW. Averaging the total heat flow over the total area of Sagehen Basin (approximately 27 km 2 ) yields a heat flow of approximately 20-40 mW m )2 . Our procedure assumes that groundwater flow occurs uniformly over the entire basin. If flow is concentrated in a portion of the basin, the actual heat flow would be proportionately greater than 20-40 mW m )2 .
Implications for Sagehen Basin hydrogeology
Recharge locations Estimated recharge elevations of waters from several springs in the Sagehen Basin are too high for the water to have been recharged within the basin itself. One possible explanation is that the elevation at which precipitation over Sagehen Basin condenses is not linearly related to the elevation at which it hits the ground or the relationship does not have the same slope as the stations studied by Smith et al. (1979) .
Another possibility is that some of the water originated in higher elevation basins. Güler & Thyne (2006) found evidence for interbasin flow in the southern Sierra Nevada, and Sylvester (2007) has suggested that groundwater from Independence Lake might feed springs on the western side of the basin. While there is no direct evidence for this, the possibility of interbasin flow is a concern in any area where the hydrogeology has not been studied in detail. If there is significant interbasin flow, then our heat flow estimate would need to be reduced, as the springs in Sagehen Basin would be scavenging heat from a larger area.
In general, we find that groundwater recharge in the Sagehen Basin, at least that discharged at the springs, probably occurs near the high-elevation basin rim where volcanic rocks outcrop. 18 O, with younger water being isotopically light. We posit that this occurs because the isotopically light water precipitated at high elevations must travel farther to its discharge point than isotopically heavy water from low elevations. If this is the case, there should be a correlation between our estimated change in elevation and the age of the water; that relationship is shown in Fig. 7 . However, because our estimated change in elevation for spring water is related to its d 18 O, this correlation is not sufficient to allow us to distinguish between the two interpretations. 
Spring Recharge elevation (m) Recharge temperature (°C) DT (°C)
DT GPE (°C) Q geothermal (kW) 2 2440 ± 80 3.0 ± 1.1 1.9 ± 1.2 1.0 1.8 ± 2.6 3 2390 ± 120 3.2 ± 1.1 1.4 ± 1.1 0.7 2.1 ± 3.6 4 2620 ± 110 2.1 ± 1.1 2.6 ± 1.2 1.5 9.8 ± 12 5 2680 ± 110 2.0 ± 1.1 3.2 ± 1.2 1.6 3.6 ± 2.9 6 2610 ± 100 2.5 ± 1.1 1.4 ± 2.0 1.0 0.2 ± 0.8 7 2817 ± 90 1.4 ± 1.2 7.4 ± 1.3 2.0 43 ± 11 9 2420 ± 320 2.8 ± 1.1 3.9 ± 1.6 1.2 4.6 ± 3.5 10 2470 ± 190 3.1 ± 1.2 5.2 ± 1.6 0.8 7.3 ± 2.9 11 2800 ± 90 1.6 ± 1.2 4.4 ± 1.2 1.9 20 ± 9.9 13 2760 ± 110 1.6 ± 1.2 4.5 ± 1.2 1.5 20 ± 8.3 Total 110 ± 22
Depth of circulation
The subsurface hydrogeology is not known; so, we are limited in our ability to infer the nature of groundwater flow paths and, importantly, the depth to which the water circulates and removes geothermal heat. However, the lack of discernible annual temperature variations provides a lower bound on the depth at which groundwater circulates. In a conductive half space, periodic temperature variations decay to 1/e of their initial amplitude at a depth given by:
where j is the thermal diffusivity of the soil and t the characteristic timescale of the temperature variation. Seasonal temperature variations in the Sagehen Basin are approximately 17°C (mean January temperature )2.9°C, mean July temperature 14.5°C). When the effects of mixing with surface snow and meltwater are ignored, temperatures in Springs 11 and 13 are constant to within less than 0.1°C. This indicates that the dominant flow path of water feeding these springs is at least five skin depths below the ground surface, and that the water ascends quickly enough, with velocity )j/d, to remain isothermal while feeding the spring. The thermal diffusivity of soils can vary by more than an order of magnitude, but assuming a value of j ¼ 1 · 10 )7 -1 · 10 )6 m 2 sec )1 (e.g. Ochsner et al. 2001) , one skin depth is approximately 1-3 m. Thus, the dominant flow path for these springs must be at least 5 m below ground surface.
Additionally, temperatures in several Sagehen springs are 1-2°C above the expected mean annual temperature at their discharge elevation. To attain these temperatures in a conductive geothermal gradient of approximately 0.01°C m )1 , the water must circulate to depths exceeding 100 m or contain a mixture of deeply circulating and shallower components. A lack of excess 4 He in Sagehen springs indicates that the latter scenario is unlikely (Rademacher et al. 2001) .
Surface water mixing
During snow melt, Spring 13 develops a small diurnal temperature oscillation. We assume that this is due to mixing of stable temperature groundwater with surface run-off and/or very shallow groundwater. The magnitude of daily temperature variations in Spring 13 can provide a lower limit on the amount of mixing that occurs. Surface water temperature fluctuations will always be less than air temperature fluctuations. If we assume that surface water temperature is the same as air temperature, which fluctuates between about 20°C during the day and 0°C at night, then the observed diurnal fluctuations of approximately 0.2-0.4°C require that at least 2% of the flow from Spring 13 be surface water.
Darcy fluxes and permeability
Lower-bound hydraulic conductivities within the Sagehen Basin can be estimated from the distance between a spring and the nearest occurrence of the recharge elevation, the hydraulic head H generated by this elevation difference, and the spring water age:
where v d is the Darcy flux, / eff the effective porosity and K the hydraulic conductivity. We can constrain the effective porosity using the average groundwater residence time T and recharge rate. In an aquifer of average thickness b which is recharged uniformly at a rate N, these are related as follows (Manga 2001) :
If the discharge during periods of base flow at Sagehen Creek is averaged over the basin area, the resulting average recharge is 1-4 · 10 )9 m sec )1 (3-10 cm year )1 ). This implies that 10% or less of the total precipitation in the Sagehen Basin is recharged to the aquifer. By contrast, the average discharge from Sagehen Creek during September, at the end of the dry season, is 22% of the average discharge over the whole year; this ratio is more consistent with estimated infiltration in Nevada (Watson et al. 1976) . If this represents the proportion of precipitation that recharges the aquifer, the average recharge will be higher (6 · 10 )9 m sec Fig. 7 . Relationship between the recharge -discharge elevation difference found in this study, and average apparent CFC age given by Rademacher et al. (2002) .
The mean age of water in Sagehen Creek during periods of base flow is 28 years (Rademacher et al. 2005) . As discussed in the Depth of circulation section, the aquifer ought to be at a minimum of several tens of meters thick; the effective porosity in the Sagehen Basin must therefore be less than 10%. Effective porosities of a few percent have been found in other weathered andesites (Karpuz & Pasamehmetoglu 1997) and are also appropriate for finerich till. We therefore assume an effective porosity of 0.05. This yields a Darcy flux of 3 · 10 )8 -5 · 10 )7 m sec )1
(100-1600 cm year )1 ), with an average value of 3 · 10 )7 m sec )1 (600 cm year )1 ) for all springs in the Sagehen
Basin. This implies average hydraulic conductivities within the basin of 10 )8 -10 )6 m sec )1 and hydraulic permeabilities of at least 10
, consistent with measured permeabilities in andesite (Saar & Manga 1999) .
Note that a mean age of 28 years, an effective porosity of 0.05 and recharge of 3-10 cm year )1 imply a mean thickness of the saturated flow paths of 17-56 m and hence circulation depths that exceed this range.
Model of advective heat transport
To determine whether advective (shallow) heat transport by groundwater is the primary component of the total geothermal heat flow budget, we develop an analytical model for steady-state flow in the basin's deepest (and therefore the highest temperature) flow paths. A schematic diagram is shown in Fig. 8 . We assume that the basement rocks underlying the Sagehen Basin form an impermeable block. Water recharges at the left of the model basin and discharges at the right. It flows for distance L along the bottom of the basin in a zone of thickness b at a depth a. For simplicity, we assume constant Darcy flux and porosity, which implies that the recharge zone also has width b. We further assume that only vertical heat conduction takes place above the aquifer, that the temperature gradient within the aquifer is parallel to groundwater flow and that only insignificant heat transfer occurs between the recharge zone and the surrounding rock.
The heat flow from below is q i . We can define a thermal Péclet number:
where q is the density of water, c its specific heat, v the Darcy flux and k the bulk thermal conductivity of the aquifer and overlying rock. This Péclet number relates the rate at which heat is advected horizontally across the aquifer to the rate at which it is conducted to the surface. The governing equation for a one-dimensional recharge zone (e.g. Bredehoeft & Papadopulos 1965 ) is:
The recharge zone has a constant temperature T 0 at the top, and a constant heat flow q i at the bottom. Without loss of generality, we can set T 0 ¼ 0. The solution to Equation (6) for these boundary conditions is: Č ermak & Jetel (1985) give the solution for steady-state temperature in a horizontal aquifer of thickness b with a constant heat flux at its base:
where
Substituting for T 1 (a) results in:
The total heat transported by groundwater in this model is given by:
Substituting for T 2 and T 1 , the ratio of the heat flow carried by groundwater Q a to the total heat flow Q i is: (a), assuming a constant length L and width (perpendicular to the page) of 5 km and 5.5 km, respectively, similar to the dimensions of Sagehen Basin. We allowed specific discharge to vary with aquifer thickness in order to maintain the observed discharge of 0.04-0.1 m 3 sec )1 .
The subsurface structure of the Sagehen Basin is not well characterized. However, we can constrain the average aquifer thickness with a mass balance equation. For steady-state flow
where q is the total discharge and d the model width, which is equal to the total area of Sagehen Basin divided by L. Using the average Darcy flux of 2 · 10 )7 m sec )1 , we find that b is in the order of 40-90 m. Using the highest and lowest Darcy fluxes found in the Implications for Sagehen Basin hydrogeology section, we find a range of aquifer thickness of approximately 40-600 m. The amount of advected heat primarily depends on the depth at which groundwater circulates. As discussed in the Depth of circulation section, the mean age of the water and lack of seasonal temperature variations require the circulation depth to be at least 10 m and it could exceed 100 m. Thicknesses of 10 2 m are similar to thicknesses of the volcanic units in the basin (Sylvester 2007) . Within this range of aquifer depths, anywhere from 20% to >90% of the total geothermal heat flow in the basin may be discharged by groundwater.
IMPLICATIONS FOR SIERRA HEAT FLOW
Using empirical correlations between elevation and the stable isotope composition of precipitation, and between elevation and temperature, we have inferred that the geothermal heat carried by springs in the Sagehen Basin is 20-40 mW m )2
, similar to the heat flow measured in boreholes in other parts of the Sierra Nevada. The exact proportion of the total geothermal heat flow represented by this value depends on the distribution of groundwater flow in the basin, which is unknown. Based on a simplified 2D model of groundwater flow and heat transport, groundwater may represent 20% to >90% of the total heat flow in the Sagehen Basin. The true heat flow in the basin may therefore be >100 mW m )2 , significantly higher than that observed in boreholes elsewhere in the Sierras. The average heat flow in Lake Tahoe is 67 mW m )2 (Henyey & Lee 1976) ; so, it is plausible that heat flow in the Sagehen Basin could be higher than elsewhere in the Sierra. The model used here is not appropriate for more than a rough estimate of the significance of groundwater to the total geothermal heat budget. A more detailed flow model of the basin is required to specify both the total heat carried by groundwater (the greatest error in this measurement is the factor of two uncertainties in groundwater discharge) and the fraction of the total geothermal heat budget it represents. Based on this study, we are only capable of concluding that groundwater transports a significant portion of the heat flow in Sagehen Basin. As we do not know the depth of circulation, and we have no deep boreholes in the basin in which temperature can be measured, we cannot distinguish between two possible endmember implications of the heat discharge estimates. The first possibility is that the heat discharge we measure reflects a shift in the mode of heat transfer from conduction to advection at shallow depths (<100 m). In this case, our conclusion that groundwater flow transports significant amounts of heat does not influence heat flow estimates based on deeper borehole measurements. The second possibility is that springs reflect groundwater circulation within the upper few hundred meters where borehole temperatures are made, and hence that the actual geothermal heat flow needs to be augmented by the amount discharged by groundwater. This second case challenges two paradigms: that heat flow in the Sierras is low, and that they are well-described by a linear heat flow-heat production relation. Distinguishing between these two possible interpretations requires addressing two issues. First, how deep does spring water circulate? Second, how representative is the Sagehen Basin? Groundwater in the Sagehen Basin probably flows through highly permeable volcanic deposits. It is in such permeable units where advective removable of heat is most effective (e.g. Forster and Smith, 1988; Ingebritsen et al. 1989; Manga 1998 ). As such deposits are not widespread in the Sierra Nevada, we caution that the role of groundwater in heat transport in the Sagehen Basin may not be representative of that in the rest of the Sierra Nevada. Similar temperature and isotopic measurements are necessary elsewhere to identify geothermal heat discharged at springs.
where m t is empirically determined using historical weather records (see the Recharge temperature section), and b t is determined by using Spring 8 as a calibration point:
and thus,
The recharge elevation is:
where 1/m r is given by Smith et al. (1979) , and b r is determined by using Spring 8 as a calibration point: 
The standard error for a multivariable function F(x 1 ,x 2 ,x 3 ,…) is given in Taylor Table 1 
